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Metal-dependent DNA binding domains are ubiquitous motifs in eukaryotic regulatory proteins (1, 2) . A large subset of these proteins contains multiple repeats of the sequence Cys-Xaa2-4-Cys-Xaa3-Phe-Xaa5-Leu-Xaa2-His-Xaa3.5-His (Cysr-His2 zinc fingers). This motif was first found in RNA polymerase III transcription factor, TFIIIA (3, 4) , and >400 finger motifs of this class have since been observed in >50 putative DNA binding proteins, almost invariably in two or more adjacent repeats. Several structures were predicted based on their amino acid sequences (5) (6) (7) , and structures of several zinc-finger peptides have been determined by NMR spectroscopy (8) (9) (10) (11) . Each structure contains a loop including the conserved cysteine residues, a turn, and then an a-helical region extending through the conserved histidine residues. There are potential DNA binding residues in each of these regions of the zinc finger. The presence of an a-helix suggested that this region might make contact with DNA through the major groove in a manner analogous to the recognition helix of helix-turn-helix proteins.
Recent evidence is consistent with these predictions. A "finger-swap" type of experiment, in which amino acids in the a-helical regions of Krox-20 fingers were interchanged, changed the DNA binding specificity (12) . The crystal structure of a zinc finger-DNA complex confirms that basespecific interactions occur between amino acids in the finger tip and a-helix and bases in the DNA (13) . Contacts with the DNA backbone could also be detected in the crystal structure. The relative contribution of these individual interactions to DNA binding specificity and affinity and the possible identification of additional functions for these and other amino acids in the fingers can be assessed through a combined genetic/biochemical/structural approach.
ADR1 is a transcription factor that regulates synthesis ofthe glucose-repressible isozyme of alcohol dehydrogenase (ADH), ADHIT. ADR1 is regulated as a transcription factor by cAMP-dependent protein kinase A (14) . Phosphorylation at Ser-230 does not affect DNA binding but appears to prevent transcription of ADH2 during glucose repression (15) . The promoter for ADH2, the structural gene encoding ADHII, contains a 22-base-pair (bp) perfect palindrome, which is the binding site for ADR1 (16) . This palindrome is an upstream activation sequence (UAS1) that confers glucose-regulated, ADR1-dependent activity on a reporter gene (17, 18) . The DNA-binding activity of ADR1 is particularly interesting in several respects. ADR1 binds as monomers to each half of UAS1 with no apparent cooperativity but only activates transcription when two monomers are bound to the two sites in their normal inverted orientation (19) . The two zinc fingers are necessary but not sufficient for DNA binding. Mutations in the region amino-terminal to the fingers are highly deleterious to the activity of ADR1 in vivo (20) and to its DNA binding activity in vitro (19) . The minimal DNA binding domain of ADR1 is capable of activating ADH2 expression, suggesting that residues in the zinc finger domain might participate in transactivation (19) . ADR1 fingers have also been the subject of extensive structure-function analysis. Synthetic peptides representing each finger have been characterized, and a high-resolution structure has been determined for finger 1 (8, 10) . Analysis of synthetic peptides containing mutations that confer a defective ADR1 phenotype in vivo has shown that it will be possible to correlate alterations in function with the structure of mutant peptides (21, 22) .
Here we report changing each residue in the two zinc fingers ofADR1 to alanine ("alanine scanning mutagenesis"; ref. 27) by site-direced mutagenesis of a DNA fragment encoding the DNA-binding domain of ADR1 and have identified residues that are important for DNA binding and transactivation.
MATERIALS AND METHODS
Strains, Panis, and Growth Co t. Saccharomyces cerevisiae 521-6A1 was used as the host strain for all of the experiments reported here. Its genotype and conditions for growth, transformation (23) , and measurement of enzyme activities have been described (19, 20) . The plasmids used to express ADR1 in yeast or Escherichia coli have been described (16, 19, 20) . Conditions for growth and heat induction ofE. coli containing the ADR1 expression vector and preparation of extracts for immunoblotting and for gel mobility-shift analysis have been described (19) . The Kunkel (25) . The mutagenesis scheme and cloning of ADRI fragments containing the mutations into E. coli and yeast expression vectors have been described (19) . Cloning of mutations into these vectors was confirmed by double-stranded sequencing. To mutate residues 3' to the Sph I site in ADRI (i.e., Gln-152, Lys-153, and Ile-154), the Sph I-Sca I (220 bp) fragment of ADRI from PCQ ADR1 17-229 was cloned into phage M13 mpl8 at the Sph I-HincII site. After mutagenesis and sequencing, ADRI fragments containing the desired mutation were cut as Sph I-Sst I fragments from the M13 replicative form DNA. These ADRI fragments were then cloned into Sph I-Sst I sites in PCQ ADR1: 17-229 (19) . This cloning created a stop codon immediately following codon 220 of ADRJ at the Sca I-HincII junction.
DNA Binding Analyses. Preparation of E. coli extracts, filter binding assays, and gel retardation analyses were done essentially as described (19) . The data were plotted as the percent of total DNA that is bound in ADRJ complexes versus the total protein concentration. Half-maximal binding, representing Kd, could be obtained for wild-type (wt) and many mutant proteins, but it was not possible to determine the relative affinities of mutant proteins that bound very poorly. These were designated ± if a complex could be seen at all or -if no complex could be detected.
RESULTS
Alanine Scanning Mutagenesis of ADR1 Zinc Finger Residues. To identify functionally important amino acids in the zinc finger motifs of ADR1, each residue was changed in turn to alanine by site-directed mutagenesis. Alanine was used as the substituted amino acid because its small side chain would be expected to minimally perturb the structure of the protein. DNA-binding affinity was assessed by both a nitrocellulose filter binding assay and by gel mobility-shift assays.
The ability of wt and mutant ADR1-3-galactosidase fusion proteins to activate ADH2 expression provided a second measure of the effect of the mutations on the function of ADR1. Use of the ADRI-lacZ gene fusion has the additional advantage of allowing expression ofADRJ to be quantified by measuring f-galactosidase activity (20, 26, 27) .
A compilation of the data is presented in Table 1 for all of the mutants, whose designations are based on the amino acid single-letter code (e.g., C109A = Cys-109 --Ala). Fig. 1 summarizes the data and illustrates the three major effects observed. Some alanine mutations altered DNA binding and hence transactivation; one altered only transactivation; and the majority had little or no effect on either DNA binding or transactivation. Representative examples of the gel mobilityshift analysis on which DNA-binding affinity was based are shown in Fig. 2 . No difference in the levels ofexpression ofwt or mutant proteins was observed (Table 1 and data not shown).
Conserved Residues. Zinc-Coordinating. Alanine-substituted mutants C109A, H122A, H126A, C134A, and C137A were severely defective in DNA binding and failed to transactivate, although H126A appeared to be less defective than the other zinc ligands ( Cys-Cys Loop and Adjacent Residues. Mutant A112V was severely defective in DNA binding and transactivation. The larger side chain at this position might cause steric problems affecting either the domain structure itself or the protein-DNA complex. Mutation of other residues in this region did not affect ADR1 function except mutation of the cysteine zinc ligands and the conserved phenylalanine residues of the hydrophobic core.
Fingertips. Residues Ala-114 and Arg-115 in finger 1 and Thr-142 and Arg-143 in finger 2 lie N-terminal to the a-helices on the so called "fingertips." In a previous study, ADRJ mutants A114V and T1421 were isolated and shown to be defective in transactivation (20) . The Thr-142 --Ala change did not alter DNA-binding affinity or activation function. A likely explanation for the different phenotypes of mutants T142A and T1421 is that the more bulky isoleucine side chain cannot be tolerated at this position but that of alanine poses no steric problem. Two-dimensional NMR studies of a single finger 2 peptide that contains the Thr-142 -* Ile mutation have been performed. The results indicate that the substitution of isoleucine for Thr-142 causes a conformational change in the fingertip (22) . Mutants R115A and R143A, which were defective in DNA binding, are discussed below.
a-Helical Residues. Residues 116-127 and 144-153 of ADR1 in fingers 1 and 2, respectively, form an a-helix (8, 10) . Mutants R115A, H118A, and D145A had an =95% decrease in DNA-binding affinity; mutants R121A and R143A had very low or nondetectable DNA-binding activity; and all five mutants were completely defective in transactivation. Thus, residues Arg-115, His-118, Arg-121, Arg-143, and Asp-145 are potential candidates for making contacts with DNA.
Mutations at other residues capable of interacting with DNA such as Gln-116, Glu-117, Lys-120, and Arg-124 in finger 1 and Arg-144, Arg-149, Gln-152, and Lys-153 in finger 2 did not affect DNA binding. The minor DNA-binding defect observed with mutant R149A was probably significant because its ability to transactivate was reduced 80-90o.
A Mutation Affecting Transactivation but Not DNA Binding. Each ADR1 finger has an acidic residue at an analogous position near the amino terminus of the a-helix, Glu-117 and Asp-145 in fingers 1 and 2, respectively. Mutant E117A had normal DNA binding but no transactivation ( Fig. 3 ; Table 2 ). Mutant D145A had a 95% decrease in DNA binding activity and was completely defective in transactivation.
The result with the E117A mutant was surprising because the effect was so marked: no detectable transactivation but apparently unaltered DNA binding affinity. Control experiments showed that only the expected mutation was present in the yeast expression vector and that a mutant E117A yeast protein could bind DNA (data not shown). Mutants with conservative substitutions at positions 117 and 145 (E117D and D145E) bound DNA with affinities similar to that of the wt protein but did have significantly reduced transactivation ( Table 2) . Nonconservative substitutions at each of these positions to arginine abolished both high-affinity DNA binding and transactivation ( Fig. 3; Table 2 ).
His/Cys Link. The region between individual Cysz-His2 zinc fingers contains a highly conserved sequence, usually His-Thr-(Asn or Gly)-Glu-Lys-Pro-(Tyr or Phe)-Xaa-Cys, where Xaa can be any amino acid. Mutations at three of these residues Thr-127, Pro-131, and Tyr-132, strongly affected DNA binding. (Fig. 4A) . Heating in the presence of EDTA did inactivate DNA binding (Fig.  4A , last two lanes), indicating that structural changes had occurred upon heating but were reversible.
All of the alanine mutants were tested for thermal stability by heating at 100C for 10 min (Fig. 4B) . None (19) . two fingers. Acidic residues occupy analogous positions in each finger, but only Asp-145 was implicated in DNA binding; Glu-117 was not. Second, the severity of the effect of alanine substitution varied greatly, even at equivalent positions in the fingers. Both Arg-115 and -143 were important for DNA binding, but loss of Arg-143 had a much more severe effect than loss of Arg-115. It appears that Arg-121 in the middle ofthe a-helix in finger 1 and Arg-143 at the N terminus ofthe a-helix in finger 2 contribute more to the binding energy in the ADR1-DNA complex than the other likely DNA contacts. Arg-115 and His-118 in finger 1 and Asp-145 in finger 2 appear to have a similar energetic contribution to binding that is significantly less than that of Arg-121 and Arg-143. Arg-149 in finger 2, which is in a position analogous to Arg4121 in finger 1, appears to make a minor contribution.
Change-of-specificity mutations in another zinc finger protein have recently been made (12 1-5, respectively) are shown. C I, C II, and F are defined in Fig. 2. (or a lysine) at a position equivalent to 115 (or 143) in ADR1.
Although this position was not tested in Krox-20, the results with ADR1 indicate its importance as well.
The prediction that positions 115, 118, and 121 in finger 1, and positions 143 and 145 in finger 2 are important contact sites for DNA binding by ADR1 is likely to be correct based on the recent crystal structure of a zinc-finger protein-DNA complex (13) . The structure indicates that residues at positions analogous to positions 115, 118, and 121 in ADR1 provide contacts with the bases in the major groove of DNA. There are some important differences, however. In the crystal structure, arginine residues in each ofthe three Zif268 fingers that are equivalent to Arg-121 and -149 in ADR1 appeared to be in contact with a guanine residue. The arginines at these positions in ADR1 appear to differ greatly in their contributions to the energetics of DNA binding. Mutant R121A was severely defective in DNA binding, whereas R149A was very slightly affected.
In the crystal structure of the Zif268-DNA complex, an aspartic acid equivalent to Asp-145 was H-bonded to the guanidinium group of an arginine equivalent to Arg-115 and -143. That is, it did not interact directly with DNA but appeared to be in a position to stabilize an interaction of arginine with guanine. Our results are consistent with this interaction having an important role in DNA binding. However, in finger 2, the glutamic acid at an equivalent position to Asp-145, Glu-117, does not contribute to DNA binding. Instead, it is involved in transactivation at a step after DNA binding. The zinc ligands and the hydrophobic core residues Phe-113, Phe-141, and Tyr-132 were essential, but Phe-104 was not. Surprisingly, the equally conserved hydrophobic core residues, Leu-119 and Leu-147, were not essential. Apparently the replacement of the leucine side chain by the smaller alanine side chain in the hydrophobic core allows a functional structure to be formed, whereas the aromatic side chain between the fingers is critical to the formation of a stable hydrophobic core. The thermal stability of the DNA-binding activity of these mutants was not detectably different than that of wt ADR1.
The His/Cys link between contiguous zinc fingers presumably plays an important structural role by allowing adjacent fingers to be oriented appropriately for interaction with their DNA-binding sites. The amino acids in this region are highly conserved, suggesting that they form a similar structure in most zinc-finger proteins. Despite this strong evolutionary conservation, only mutation ofthreonine, proline, or tyrosine to alanine had major deleterious effects on DNA binding. Mutation of the highly conserved asparagine, glutamic'acid, and lysine did not. In the crystal structure of Zif268-DNA, the first residue of the His/Cys link, threonine, makes a H-bond contact through its hydroxyl group with the backbone amide of Glu-129. Replacement of threonine with alanine at this position reduced ADR1 activity 90-95%, consistent with threonine having an important, but not essential role in the finger structure. The side chains of glutamic acid and lysine were disordered in the crystal structure, consistent with our observation that they could be replaced by alanine with little or no loss of function.
Several other positions in the ADR1 zinc fingers have highly conserved amino acids: Arg-111/Arg-139 and Arg-124/Lys-153 in fingers 1 and 2, respectively. Since their substitution by alanine had little or no effect on DNA-binding affinity, they must have a less important role in DNA binding than residues in the finger-tip or a-helix. (30, 31) . Our results suggest that acidic charge at the surface of the a-helix in the finger motifs of ADR1 is essential for a step in transcription that occurs after DNA binding.
